INTRODUCTION
============

The major neuropathologic hallmarks of Alzheimer disease (AD) are plaques of extracellular fibrillar β-amyloid (Aβ) peptide, neurofibrillary tangles of aggregated hyperphosphorylated tau in neurons, and elevated levels of soluble Aβ oligomers. Alzheimer disease neuropathologic changes may appear decades before the clinical manifestations are evident ([@R1]). In a recent review on the correlation of Aβ plaques and neurofibrillary tangles with cognitive impairment, the authors concluded that, although Aβ plaques may play a key role in AD pathogenesis, the severity of cognitive impairment correlates best with the burden of neocortical neurofibrillary tangles ([@R2]). Other studies emphasize alterations at the synaptic level, suggesting that synapse loss is the major morphologic correlate of cognitive impairment ([@R3; @R4; @R5; @R6; @R7; @R8; @R9; @R10]).

The vast majority of synapses in the cerebral cortex are glutamatergic excitatory synapses (asymmetric synapses), and the main targets of these synapses are the dendritic spines (for simplicity, "spines") of spiny neurons (pyramidal neurons, spiny stellate cells, and granule cells of the dentate gyrus \[DG\]). There is a general consensus that dendritic spines are critical in memory, learning, and cognition. In this respect, the loss of dendritic spines has been reported in AD and in several AD mouse models ([@R10]). Because a key symptom in the early stages of AD is loss of declarative memory and the anatomic substrate that supports this kind of memory involves the neural circuits of the medial temporal lobe (particularly the hippocampal formation and adjacent cortex \[[@R11]\]), numerous laboratories have focused on these circuits. In this regard, the DG is one of the preferred structures for analysis in AD not only because of its involvement in the formation of new memories but also because it is one of the few brain structures showing significant neurogenesis in the adult mammalian brain. Moreover, impairment of this adult neurogenesis has been reported in AD patients ([@R12]).

In a previous study performed in our laboratory, focusing on the density and the 3-dimensional (3-D) analysis of spines from injected granular neurons in the DG with a fluorescent dye in double-transgenic amyloid precursor protein/presenilin 1 (APP/PS1) mice, we found that dendrites that passed through a plaque lost spines, whereas dendrites that were in contact with a plaque gained spines ([@R13]). Dendrites located in plaque-free areas showed a spine density similar to those of age-matched littermates that lacked the transgene (TG-) and served as controls. However, we found that there was a decreased frequency of large spines in plaque-free regions---a decrease of 38% in the prevalence of spines whose head volume was more than 0.1 μm^3^. Because plaques occupy a volume less than 4% of the DG molecular layer under our experimental conditions, we proposed that the widespread changes in plaque-free regions, corresponding to more than 95% of the neuropil, may have a more important influence on the cognitive deficits observed in these mice ([@R10; @R14]).

In the present study, we investigated possible alterations at the synaptic level in the Aβ plaque-free regions from these APP/PS1 mice. More specifically, we analyzed synapses on the outer molecular layer of the DG in APP/PS1 mice and compared them with TG- mice. Several techniques were used to achieve our aims. First, quantitative analysis of the synaptic density per volume was performed using stereologic methods based on conventional transmission electron microscopy (TEM) samples ([@R15]). In addition, we used a new dual-beam electron microscope (EM), which combines a focused ion beam (FIB) column and a scanning electron microscope (SEM). We also used 3-D reconstruction software (EspINA) that performs semiautomated segmentation of synapses in a 3-D sample of tissue ([@R16]). Our results show that both the number of synapses per volume and the synaptic morphology are affected in the plaque-free regions of APP/PS1 mice.

MATERIALS AND METHODS
=====================

Tissue Preparation
------------------

The mouse line used for this study (APP/PS1, n = 5, aged 12--14 months) expressed Mo/Hu APP695swe construct in conjunction with the exon-9-deleted variant of human presenilin 1 (PS1-dE9) ([@R17]). Control mice were age-matched littermates without the transgene (TG-, n = 5, aged 12--14 months). To avoid possible effects of sex in the study, only male mice were used.

Mice were anesthetized with pentobarbital (0.04 mg/kg) and transcardially perfused with 20 mL of 0.1 mol/L phosphate buffer (PB) followed by 100 mL of 4% paraformaldehyde (0.1 mol/L, pH 7.4) made in the same buffer. The brains were removed from the skull and postfixed in the same solution for 24 hours. Coronal sections (50--150 μm) were cut with a vibratome. These sections were used for either light or EM analysis. All animals were handled in accordance with the guidelines for animal research set out in the European Community Directive 86/609/EEC, and all the procedures were approved by the local ethics committee of the Spanish National Research Council (CSIC).

Immunocytochemistry
-------------------

Amyloid plaques were stained with an anti-human Aβ antibody. Free-floating sections (50 μm) were pretreated with 55% formic acid (Sigma-Aldrich, St. Louis, MO) and washed with PB. Sections were incubated for 2 hours in blocking solution: PB with 0.25% Triton X, 3% normal horse serum (Vector Laboratories Inc., Burlingame, CA). The sections were then incubated overnight at 4°C with a mouse anti-human Aβ antibody (1:50, clone 6F/3D; Dako, Glostrup, Denmark).

On the next day, the sections were rinsed and incubated for 2 hours with a biotinylated horse anti-mouse antibody (1:200; Vector Laboratories Inc.). The sections were then incubated for 1 hour in an avidin-biotin peroxidase complex (Vectastain ABC Elite PK6100; Vector Laboratories Inc.). Finally, the staining was visualized with the chromogen 3,3′-diaminobenzidine tetrahydrochloride (Sigma-Aldrich). After staining, the sections were dehydrated, cleared with xylene, and coverslipped. Slices were then counterstained with toluidine blue ([Fig. 1](#F1){ref-type="fig"}A).

![**(A)** Low-magnification photomicrograph of a coronal brain section from an APP/PS1 mouse immunostained with anti--β-amyloid peptide (Aβ) and counterstained with toluidine blue. Arrow indicates some Aβ plaques located in the molecular layer (ML) of the dentate gyrus (DG). **(B)** Toluidine blue--stained semithin section showing the DG and Aβ plaques (some indicated by arrows). **(C)** Electron micrograph of the neuropil adjacent to an Aβ plaque in the outer molecular layer from an APP/PS1 mouse. dn, dystrophic neurites. Scale bar (in **C**) = **(A)** 250 μm; **(B)** 50 μm; **(C)** 2.7 μm. GL, granular layer.](nen-72-386-g001){#F1}

To generate the figures, images were captured with a digital camera (Olympus DP70) attached to an Olympus light microscope (Olympus, Ballerup, Denmark); Adobe Photoshop CS4 Extended 11.0.2 software (Adobe Systems, San Jose, CA) was used to produce the figure plates.

Electron Microscopy
-------------------

Sections for EM were postfixed for 1 hour in 2% glutaraldehyde in PB, treated in 1% osmium tetroxide, dehydrated, and flat-embedded in Araldite resin. Plastic-embedded sections were studied by correlative light and EM, as previously described ([@R18]). Briefly, sections were photographed under the light microscope and then serially cut into semithin (2-μm-thick) sections with a Leica ultramicrotome (EM UC6; Leica Microsystems, Wetzlar, Germany). The semithin sections were stained with 1% toluidine blue in 1% borax, examined under the light microscope, and photographed to locate the area of interest ([Fig. 1](#F1){ref-type="fig"}B). Selected semithin sections were resectioned into serial ultrathin sections with a silver-gray interference color, corresponding to a thickness of approximately 60 to 70 nm ([@R19]). The ultrathin sections were collected on formvar-coated, single-slot grids stained with uranyl acetate and lead citrate and examined using a JEOL TEM (JEM-1011; JEOL Ltd., Tokyo, Japan).

Selected regions of the neuropil on the surface of the tissue block were chosen for 3-D analysis. The 3-D study of the brain samples was carried out using an FIB/SEM (Crossbeam Neon40 energy-selective backscattered electron detector; Carl Zeiss NTS GmbH, Oberkochen, Germany).

Estimation of Synaptic Density by TEM
-------------------------------------

To estimate the synaptic density, photographs were taken randomly using a JEOL transmission EM with a digitalizing image system (SC1000 ORIUS, 11 megapixel; Gatan, Pleasanton, CA). Synapses were quantified in the neuropil (i.e. avoiding the neuronal and glial somata and blood vessels) ([@R15]). To obtain an adequate sample size, at least 30 micrographs were obtained per region and case at a magnification of 30,000× ([@R20; @R21]). The 2 major morphologic types of cortical synapses were clearly identified in the cortical tissue analyzed ([Fig. 2](#F2){ref-type="fig"}), that is, Gray's type I and type II synapses ([@R22]), which correspond to those denominated asymmetric and symmetric by Colonnier ([@R23; @R24; @R25]). Asymmetric synapses have a prominent postsynaptic density, whereas symmetric synapses have a thin postsynaptic density. The synapses in which the synaptic cleft and associated membrane densities could not be clearly visualized (because of the oblique plane of section) were considered to be uncharacterized synapses ([@R15]).

![**(A, B)** Electron micrographs of the neuropil in the outer molecular layer from a control (TG-) **(A)** and an APP/PS1 mouse **(B)**. Arrows indicate some synapses. Scale bar in **(B)** = **(A, B)** 1 μm.](nen-72-386-g002){#F2}

The synaptic density per unit volume (*N*~V~) of the neuropil was calculated using the size-frequency method, which applies the formula: *N*~V~ = *N*~A~/*d*, where *N*~A~ is the number of synaptic profiles per unit area, and *d* is the average cross-sectional length of synaptic junctions ([@R15; @R21]). The cross-sectional length of synaptic junctions was measured using ImageJ analysis software (National Institutes of Health, Scion Corporation, Frederick, MD).

Synapse Segmentation in Stacks of FIB/SEM Images
------------------------------------------------

Focused ion beam/scanning electron microscope combines a high-resolution field emission SEM column with a focused gallium ion beam, which can mill the sample surface, removing thin layers of material on a nanometer scale. After removing each 20-nm-thick slice, the milling process was paused, and the freshly exposed surface was imaged with a 2-kV acceleration potential using the in-column energy-selective backscattered electron detector. A 30-mm aperture was used, and the retarding potential of the energy-selective backscattered electron detector grid was 1,500 V. Focused ion beam/scanning electron microscope provided stacks of images of the tissue samples. The milling/imaging processes are automatically repeated to obtain long series of images that represent a 3-D sample of tissue ([@R21]). For this study, we obtained 2,048 × 1,536 pixel images at a resolution of 3.7 to 4.9 nm per pixel. The resulting stacks of images were processed as previously described ([@R16]). Briefly, image stacks were aligned (rigid registration method, translation only, no rotation), filtered (Gaussian filter), and saved using FIJI software ([@R16]). Segmentation of synapses was then performed using EspINA software. Synapse segmentation is the 3-D reconstruction of the synaptic junction. All the voxels comprising a segmented synapse are connected and are considered as a single object ([Fig. 3](#F3){ref-type="fig"}; <http://cajalbbp.cesvima.upm.es/espina>). This software tool performs automated segmentation and counts synapses present in a 3-D volume of tissue. The tool allows the user to supervise the process of segmentation, reconstruction, and counting and also modifies the appropriate parameters and validates the results.

![Screenshot of the EspINA software user interface. In the main window (top), the sections are viewed through the *xy* plane, as obtained by focused ion beam/scanning electron microscope (FIB/SEM) technology. The other 2 orthogonal planes, *yz* and *xz*, are also shown in their respective windows. Using the "Define counting region" window, the user can choose the position of the 6 planes: the acceptance planes (green) correspond to the front, top, and left sides of the stack and the exclusion planes (red) are the back, right, and bottom sides. The "Data view" window shows morphometric values extracted from the reconstructed 3-dimensional (3-D) objects. The 3-D windows show the 3 orthogonal planes and the 3-D reconstruction (bottom left) of the segmented objects. Segmented objects appear in green (asymmetric synapses) or red (symmetric synapses) according to the colors selected by the user. The "Segmentation explorer" (bottom right) displays the synaptic apposition surface extracted from a selected object and its 3-D reconstructed volume, as well as its morphometric values.](nen-72-386-g003){#F3}

Synapses can be completely reconstructed in 3-D using EspINA ([Fig. 3](#F3){ref-type="fig"}). Each synapse comprises the active zone (AZ), the postsynaptic density (PSD), and the synaptic cleft. At the EM level, both the AZ and the PSD appear as dark structures ([@R25]), which allows them to be segmented and reconstructed in 3-D ([@R26]). Because the AZ and the PSD are in close apposition and their areas are very similar ([@R27]), they can be represented by a single free-form surface located within the volume of the reconstructed synaptic junction. For the sake of clarity, we will refer to this surface as the "synaptic apposition surface" (SAS).

In addition, to quantify the number of objects (synapses) per unit volume, a 3-D counting frame (CF) was constructed within every stack ([Fig. 3](#F3){ref-type="fig"}). This unbiased CF is a regular rectangular prism enclosed by 3 acceptance planes and 3 exclusion planes marking its boundaries ([@R28]). All objects within the CF or intersecting any of the acceptance planes are counted, whereas any object outside the CF or intersecting any of the exclusion planes is not. Because the volume of each stack of sections was known, numbers of synapses per unit volume were calculated directly by dividing the total number of synapses counted by the volume of the 3-D CF. Thus, synapses were considered as 3-D objects the contours or traces of which appeared in several consecutive sections. Special attention was paid to the fact that some of these traces could intersect one of the acceptance or exclusion planes while others might not. The intersection of a single trace with one of the acceptance or exclusion planes was sufficient for the whole 3-D object to be counted. Similarly, a single trace intersecting one of the exclusion planes led to the exclusion of the whole 3-D object. Based on these criteria, EspINA produced a data table containing all the measurements extracted from every segmented synapse (SAS, volume, physical size, centroid, and Feret diameter, among other parameters) and the dimensions of the CF ([Fig. 3](#F3){ref-type="fig"}).

Analysis of the Spatial Distribution of the Synapses
----------------------------------------------------

To explore the spatial distribution pattern of synaptic junctions in the stacks of images, we used spatial statistical tools ([@R29]) (Supplemental Digital Content 1, <http://links.lww.com/NEN/A443>).

Statistical Analyses
--------------------

Data analysis and statistical comparisons between the groups were performed using the unpaired Mann-Whitney U and 2-sample Kolmogorov-Smirnov (KS) tests for comparisons between independent samples. The 2-sample KS test uses the maximal distance between cumulative frequency distributions of these 2 samples as the statistic. The advantage of this test is that it makes no assumption about the distribution of data. In addition, it is an exact test that is independent of the sample size for the approximations ([@R30; @R31; @R32; @R33; @R34; @R35; @R36; @R37]). Statistical studies were performed using the GraphPad Prism statistical package (GraphPad Prism 5.0; GraphPad Software, Inc., San Diego, CA) and STATISTICA (StatSoft, Inc., Tulsa, OK).

RESULTS
=======

In agreement with previous reports ([@R38]), immunostaining with anti-human Aβ antibody revealed the presence of numerous Aβ plaques throughout the brain ([Fig. 1](#F1){ref-type="fig"}A).

Transmission Electron Microscopy
--------------------------------

To analyze the ultrastructure of the neuropil in the plaque-free regions, we used a simple sampling method that consists of resectioning into ultrathin sections the same semithin sections used for determining cortical layers or regions of interest instead of obtaining ultrathin sections adjacent to these semithin sections ([@R18]). The main advantage of this method is that it allows us to study accurately the light microscope--selected neuropil regions within any given layer or region ([Fig. 1](#F1){ref-type="fig"}B). Synapses were studied in the neuropil of the outer molecular layer (OML) in the DG of both APP/PS1 and TG^-^ mice. Regions adjacent to the Aβ plaques showed numerous dystrophic neurites and a variety of alterations, as previously described ([Fig. 1](#F1){ref-type="fig"}C) ([@R39]), whereas the ultrastructure of the neuropil at a distance from the external boundary of the Aβ plaques was indistinguishable in TG- mice from that of APP/PS1 mice ([Fig. 2](#F2){ref-type="fig"}).

Estimation of Synaptic Density by the Size-Frequency Method
-----------------------------------------------------------

Synapses were quantified in the neuropil (i.e. avoiding the neuronal and glial somata and blood vessels) ([@R15]). Based on single-section studies under TEM, the synapses were classified into 3 categories according to their morphology: asymmetric, symmetric, and uncharacterized. In general, in single-section studies under TEM, a large proportion of synaptic junctions (varying between 40% and 60%) are uncharacterized ([@R15]). In this study, uncharacterized synapses were included in the final estimate of the total synaptic density. The total number of synapses in each group studied by this method was 777 in the TG^-^ and 903 in the APP/PS1 mice.

We found significant differences in the number of total synapses per volume of the OML between TG^-^ (mean ± SD, 31.03 ± 8.4 synapses × 10^8^/mm^3^) and APP/PS1 mice (27.7 ± 8.4, p \< 0.05 by KS test), indicating a decrease (12%) in the number of synapses per volume in the APP/PS1 animals.

Synaptic 3-D Distribution
-------------------------

From each of the 8 samples obtained with the FIB/SEM (3 samples from TG^-^, 5 from APP/PS1), we obtained the number of synapses and the inclusion volume of the 3-D counting frames ([Fig. 3](#F3){ref-type="fig"}; [Table](#T1){ref-type="table"}). The total number of synapses studied by this method was 1,017 in the TG^-^ and 2,120 in the APP/PS1 mice.

###### 

Number of Synapses in the Focused Ion Beam/Scanning Electron Microscope Counting Frame Volume Per Sample

![](nen-72-386-g004)

To investigate the 3-D distribution of the synapses, we first analyzed the distribution fitting of the synaptic sizes (choosing the Feret diameter as a representative value of the size) ([@R29]). The closest fit was with a log-normal distribution according to KS 2-sided, Cramer-von Misses, and Anderson-Darling tests. Then, to study the spatial distribution of the synapses, we calculated the F, G, and K functions of each sample, comparing each with 100 simulations of the random sequential adsorption (RSA) process, with the same number of points (Supplemental Digital Content 1, Figure S1, <http://links.lww.com/NEN/A443>). The KS 2-sided test was used to test the similarity between the samples and RSA simulations (Supplemental Digital Content 1, Table S1, <http://links.lww.com/NEN/A443>). Results obtained in these comparisons indicated a clear fit of the samples to an RSA (p \> 0.95). Thus, we can conclude that the spatial organization of synapses in the neuropil of the OML is random, regardless of the type of sample (APP/PS or TG^-^).

Direct Quantification of Synapses From Stacks of Serial Sections
----------------------------------------------------------------

In the FIB/SEM samples, numbers of synapses per unit volume were calculated directly by dividing the total number of synapses counted by the volume of the CF. The estimation of the representativeness of each sample allowed us to compare the number of synapses per volume between samples. We first calculated the mean of the CF volume of all samples (mean CF, 0.105 μm^3^). We then estimated the representativeness of each sample as a percentage, which was calculated by dividing its CF volume by the mean CF ([Table](#T1){ref-type="table"}). Then, assuming that all samples were comparable, the number of synapses was recalculated ([Table](#T1){ref-type="table"}). These estimates were possible because the random spatial distribution of synapses had been previously demonstrated in all the samples.

Because all the samples were considered to be representative, it was possible to compare the synaptic density between the TG- and APP/PS1 groups and to conclude that the number of synapses per volume in APP/PS1 (mean ± SD, 32.6 ± 9.5 synapses × 10^8^/mm^3^) was significantly lower (∼37% less) than that in TG^-^ mice (52.2 ± 7.9; p \< 0.0001 by KS test). These results were consistent with the previous estimation of the synaptic densities performed with TEM samples using the size-frequency method.

Identification of the Postsynaptic Elements
-------------------------------------------

Because a lower value in the synaptic density per volume was found in the neuropil from APP/PS1 mice, we investigated if these changes were specific to any postsynaptic target. For this purpose, we identified the different postsynaptic elements in FIB/SEM images stacks. To this end, a representative sample of synapses was chosen for examination. According to a simple sampling of the total population of synapses ([@R40]), we selected a total of 94 synapses (46 from TG^-^; 48 from APP/PS1) based on the maximum error of 0.1 and the confidence level of 0.95 (Supplemental Digital Content 1, Equation F, <http://links.lww.com/NEN/A443>). We observed that, in TG^-^ samples, 89.11% of the synapses were on dendritic spines and 10.89% were on dendritic shafts. Similarly, in APP/PS1 samples, 91.65% of the synapses were located on dendritic spines and 8.35% on dendritic shafts. Since the maximum error of the sampling was 10%, no significant differences were found in the proportion of the type of postsynaptic elements between TG^-^ and APP/PS1.

Volumetric Characteristics of Synapses
--------------------------------------

For the detailed analysis of their morphology, synapses were sampled and analyzed using an algorithm capable of extracting the SAS from a 3-D volume representing a previously segmented synaptic junction ([@R26]). The SAS is equivalent to the AZ and the PSD, the 2 major components of the presynaptic and postsynaptic membranes. Thus, the algorithm provides crucial morphologic information that enables the functional characteristics of synapses to be correlated with their geometric properties.

In the present study, a total of 3,071 asymmetric synapses located in the neuropil of the OML from the DG were fully reconstructed (n = 1,002 from TG^-^ mice; n = 2,069 from APP/PS1 mice). Values of SAS were fitted to a log-normal distribution in both groups. The average SAS area was 41% larger in APP/PS1 (mean ± SEM, 46,130 ± 707 nm^2^) than in TG^-^ mice (32,700 ± 688 nm^2^; p \< 0.05 by Mann-Whitney U test and p \< 0.0001 by KS test). Moreover, frequency analysis revealed that the within-group distribution was also significantly different (p \< 0.0001 by KS test) between groups ([Fig. 4](#F4){ref-type="fig"}). In the APP/PS1, there was a 20% increase in the prevalence of large synapses (SAS, \>50,000 nm^2^); whereas in the TG^-^ mice, there was a 26% higher proportion of medium-size synapses (SAS, \<30,000 nm^2^). Our results indicate that large synapses represent 35% of the APP/PS1 synapses but only 14% of the TG^-^ synapses.

![Cumulative frequency plots showing the value distribution of the synaptic apposition surface (SAS). **(A, B)** Comparisons per group **(A)** and per sample **(B)** show higher SAS values in APP/PS1 compared with control (TG-) mice.](nen-72-386-g005){#F4}

DISCUSSION
==========

In the present study, the ultrastructural analysis of the OML neuropil shows that the total number of synapses per volume in the plaque-free areas of APP/PS1 mice was lower than that in TG^-^ mice. Moreover, in the APP/PS1 mice, larger synapses were more frequent than that in TG^-^ mice, indicating significant changes in both the number and morphology of the synapses.

The OML of the DG receives neuronal fibers arising from layer II of the entorhinal cortex and granular neurons of the DG project to CA3, which is a part of the corticohippocampal circuit associated with memory ([@R41; @R42; @R43; @R44]). Therefore, synaptic changes in this circuit most likely affect the normal mnesic process. Because hippocampal-dependent cognitive impairment has been observed in APP/PS1 mice ([@R14]), the synaptic changes found in the OML may represent a microanatomic substrate of the altered cognitive function observed in this model.

Decrease in the Synaptic Density
--------------------------------

The present results are consistent with previous studies performed in the brains of AD patients that indicated that synapse loss occurs in the DG ([@R6; @R8; @R45; @R46]). On the other hand, other studies on synaptic densities in the DG from Tg2576 transgenic mice have reported an increase ([@R47]), a decrease ([@R48]), or no alterations in synaptic density as in APP/PS1 mice ([@R49]) versus nontransgenic animals. Differences in estimates of synapse densities might be attributable to the diversity of transgenic mouse models examined. In addition, some studies performed in AD mouse models have quantified synapses by immunostaining of synaptic proteins such as synaptophysin ([@R48; @R50; @R51; @R52; @R53]), and discrepancies have been found between different methodologies. For example, it has been reported no changes in synaptophysin expression but a significant decrease in synaptic density analyzed by TEM in the OML of the DG in a transgenic mouse model of AD ([@R48]). The discrepancy between estimation of synapses by immunostaining and TEM can be explained by the fact that counting of immunoreactive puncta at the light microscope level is clearly less accurate than the estimation of synapses identified at the EM level. In addition, synaptophysin immunostaining labels a specific protein of the presynaptic terminal, but it does not necessarily mean that they establish a synaptic junction. Thus, EM is the method of choice to estimate changes in synaptic density.

Comparison With Previous Light Microscopy Studies on Dendritic Spines
---------------------------------------------------------------------

In the present study, using both TEM and FIB/SEM, we found a significant loss of synapses per unit volume in the OML of the APP/PS1 mice in the same area where we previously found no changes in dendritic spine density ([@R13]). In addition, here we observed that the decrease of synapses was caused by a loss of synapses in both the dendritic spines and dendritic shafts. It is widely assumed that each dendritic spine in the cerebral cortex establishes a synapse. However, there are nonsynaptic spines ([@R54]), and, although they represent a small percentage in the cerebral cortex (∼4%), a possible explanation for this discrepancy between the findings of no changes in number of dendritic spines but lower density of synapses could be an increase in the number of nonsynaptic dendritic spines.

In AD, there is a degeneration of the synapses caused by toxic effects of Aβ oligomers ([@R55]). Association of Aβ oligomers with synaptic structures has been related to alterations in both synapses and dendritic spines ([@R55; @R56; @R57]). Moreover, it has been reported that before synapse loss, Aβ oligomers induce profound changes in the composition of synaptic membranes ([@R57]). Thus, it is likely that, in the OML from APP/PS1 mice, a moderate number of synaptic dendritic spines may have alterations in their protein machinery caused by Aβ oligomers, and that these dendritic spines would then turn into nonsynaptic dendritic spines.

Alterations in Synaptic Morphology
----------------------------------

The geometry and morphologic characteristics of the synaptic junction provide useful information of synaptic function. At the presynaptic membrane, the AZ contains the molecular machinery necessary for the rapid docking of synaptic vesicles and zthe subsequent release of neurotransmitters ([@R58; @R59]). It has been shown that the surface area of the AZ is proportional to the probability of vesicle release ([@R60]), whereas the area of the PSD is proportional to the number of postsynaptic receptors ([@R61]). Thus, a higher proportion of large synapses in the neuropil of the OML from APP/PS1 mice would imply enlarged AZ and/or PSD in those synapses, which would involve an increased synaptic transmission.

However, in the plaque-free regions of the OML in the DG from APP/PS1 mice, a decrease of 38% in the prevalence of large spines (whose head volume was \>0.1 μm^3^) has been previously described ([@R13]). The apparent discrepancy between these results and the present findings regarding synaptic size can be explained by specific morphologic changes in the postsynaptic element. That is, large dendritic spines may reduce their cytoplasm volume and simultaneously remake their postsynaptic element induced by Aβ oligomers, increasing the size of the AZ and/or PSD. Thus, in the neuropil of APP/PS1 mice, there would be dendritic spines with reduced head size containing larger synaptic junctions. Changes in the size of the AZ and/or PSD have been reported under a variety of normal and experimental conditions and, in general, these changes have been associated with plastic responses ([@R60; @R62]). The increased synaptic size found in the present study may, therefore, represent a mechanism of functional compensation for the general synaptic loss in the neuropil but also might denote a synaptic alteration or malfunction. Further experiments would be necessary to determine the physiologic consequences of these changes in this particular hippocampal region of APP/PSS1 mice.

Finally, it should be noted that caution is needed regarding extrapolation of the present results to interpret changes in AD patients not only because of the differences in brain organization between humans and mice ([@R63]) but also because the mouse model used in the present study does not develop other typical pathologic alterations observed in AD patients such as neurofibrillary changes ([@R38]). However, this mouse model is useful for isolating effects of Aβ overproduction and deposition on brain circuitry and for distinguishing them from other changes in dendritic spines that may be induced by the presence of hyperphosphorylation of tau in neurons.
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